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The health-promoting benefits of exercise have been recognized for centuries, yet the molecular and cellular
mechanisms for the acute and chronic adaptive response to a variety of physical activities remain incom-
pletely described. This Perspective will take a forward view to highlight emerging questions and frontiers
in the ever-changing landscape of exercise biology. The biology of exercise is complex, highly variable,
and involves a myriad of adaptive responses in multiple organ systems. Given the multitude of changes
that occur in each organ during exercise, future researchers will need to integrate tissue-specific responses
with large-scale omics to resolve the integrated biology of exercise. The ultimate goal will be to understand
how these system-wide, tissue-specific exercise-induced changes lead to measurable physiological out-
comes at the whole-body level to improve health and well-being.Mens Sana in Corpore Sano—A Healthy Mind in a
Healthy Body
The field of exercise science has roots in ancient Greek history,
with early studies by Galen of Pergamon (131–201 AD) showing
that exercise and proper nutrition could improve mental and
physical health, aerobic fitness, and muscle strength. Just as
today, competition was fierce among participants in the ancient
Olympic Games, and coaches strived to develop new regimes
to bring out the best performance in each athlete. Suffice it to
say that the field of exercise science has deep historical roots
in unraveling the mysteries of how humans can run faster and
longer, lift and propel heavy objects, and outmaneuver the
competitor. The modern-day history of exercise metabolism
and how different exercise and diet manipulations alter skeletal
muscle metabolism is reviewed in this issue of Cell Metabolism
(Hawley et al., 2015). Great strides have been made, and the
health-promoting benefits of exercise are now long appreciated,
yet the molecular and cellular mechanisms for the acute and
chronic adaptive response to a variety of physical activities
remain incompletely described. This Perspective will take a
forward view to highlight emerging questions and frontiers in
the ever-changing landscape of exercise biology.
Mode of Exercise Leads to Different Adaptions
Basic concepts underlying the diverse metabolic responses and
molecular mechanisms that underpin the adaptation of skeletal
muscle to acute exercise and exercise training have been re-
viewed earlier (Egan and Zierath, 2013). Generally, exercise
can be divided into either aerobic-based (endurance-based)
or anaerobic-based (high-intensity speed and power output)
work, representing two extremes of the energy systems (oxida-
tive versus glycolytic) used. The functional adaptations to endur-
ance exercise in some ways oppose the adaptions to resistanceor sprinting training, but at the same time, both forms of exercise
lead to similar increases in mitochondrial abundance and
improvements in glycemic control (Egan and Zierath, 2013). In
addition to the energy system used during each exercise bout,
the frequency, intensity, and duration of each session will have
a distinct impact on the metabolic and molecular responses of
any given tissue (Egan and Zierath, 2013; Hawley et al., 2014).
Long-term participation in vigorous exercise programs are asso-
ciated with less disability and lower mortality and therefore influ-
ence the aging process and improve the quantity and quality of
life (Chakravarty et al., 2008). While it may be obvious that
many different forms of exercise exist, this fact is often over-
looked when biologists address the molecular mechanisms
that govern the response to exercise.
Throughout this Perspective we will refer to ‘‘exercise’’ in
rather broad terms, but future studies in exercise biology should
continue to be designed to dissect mechanisms controlling both
the acute response to a single exercise bout, as well as the adap-
tive response to regular exercise training. Further research into
conventional aerobic exercise regimes, as well as new high-in-
tensity interval training (HIIT) programs, in which the participant
performs low-volume HIIT consisting of repeated ‘‘all-out’’
cycling with short recovery (Gibala et al., 2006) or more a prac-
tical model of low-volume constant-load HIIT exercise (Little
et al., 2010), is warranted, especially in people with metabolic
disease. Resistance training to build and preserve skeletal mus-
cle mass is also an essential component of any regular exercise
training regime, as it leads to strength gains that are functionally
useful for older adults or people with skeletal muscle disuse and
wasting diseases (Phillips, 2009). Just as the athlete trains to
improve speed, strength, and endurance, all three modalities
are important for the general population to maximize overall
improvements in health. Most people engage in some form ofCell Metabolism 22, July 7, 2015 ª2015 Elsevier Inc. 25
Figure 1. An Omics Approach to Decipher
the Molecular Basis of Exercise Adaptation
The integrated biology of the acute and adaptive
response to endurance and strength exercise
training requires the involvement of multiple or-
gans to achieve physiological improvements in
work performance. Future challenges will be the
integration of an individual’s genetic and epige-
netic background, with the tissue-specific gene
expression, proteome, and metabolomic profiles
to predict improvements in whole-body glucose
homeostasis, strength, and aerobic capacity.
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both resistance and endurance exercise training bouts. While
this regime may prevent disease and improve athletic perfor-
mance, it may attenuate gains in muscle mass, strength, and
power compared with undertaking resistance training alone
(Fyfe et al., 2014). Nevertheless, detailed molecular studies of
different exercise training regimes in healthy and diseased co-
horts are lacking. In addition, the development and implementa-
tion of exercise-nutrient protocols that take into account the
timing and type (carbohydrate/protein/fat) of nutrients an individ-
ual ingests either before or after acute exercise are urgently
needed to maximize health benefits. For example, brief, intense
interval exercise bouts undertaken immediately before break-
fast, lunch, and dinner have a greater impact on blood glucose
control than a single bout of moderate, continuous exercise
undertaken before an evening meal (Francois et al., 2014). While
the molecular mechanism for this improvement is unknown,
prior intense exercise before each meal may promote a transient
exercise-induced translocation of glucose transporters (GLUT4)
to the cell surface to increase skeletal muscle glucose uptake
and consequently reduce blood sugar levels (Holloszy, 2003).
Thus, the timing of exercise appears to have a great impact on
glycemic control, implicating the importance of regular exercise
training in the prevention of insulin resistance in type 2 diabetes.26 Cell Metabolism 22, July 7, 2015 ª2015 Elsevier Inc.A long-term goal is to design exercise-
nutrient programs to optimally target
skeletal muscle, the cardiovascular sys-
tem, and the CNS to improve aerobic
capacity, strength, and metabolic health
(Figure 1). Such approaches should be
tempered with the understanding that
there is large heterogeneity in the adap-
tive response of individuals to exercise
training (Bouchard et al., 2012; Church-
ward-Venne et al., 2015; Osler et al.,
2015). Genetic and epigenetic studies
may elucidate the underlining biology of
the individual response to exercise (Den-
ham et al., 2014; Loos et al., 2015). Un-
derstanding and integrating the genomic,
transcriptomic, proteomic, and metabo-
lomic landscape will provide a fingerprint
of the integrative response of the whole
body to exercise. Ultimately, the mode
and duration of the exercise intervention
and the unique molecular fingerprint ofthe participant may one day be taken into consideration when
designing exercise training programs to optimize health.
Organ Crosstalk
Exercise perturbs whole-body homeostasis, and ultimately
every cell and organ in the body needs to cope and adapt to
the increased mechanical, metabolic, and thermoregulatory de-
mands associated with the increased work load (Hawley et al.,
2014). Although researchers often reduce the study of any given
exercise adaptation to an isolated tissue, one must keep in mind
that the adaptive response to exercise involves the entire body.
An area of fertile research on the horizon is the identification of
systemic factors that integrate the individual organ response
with the entire body. Since the 1960’s when Goldstein (1961) hy-
pothesized that a circulatory skeletal muscle-derived ‘‘humoral’’
factor (Goldstein factor) imparted control over glucose homeo-
stasis during exercise, investigators have searched for systemic
factors that communicate information from the working skeletal
muscle to the whole body. Subsequent work provided evidence
that the increase in skeletal muscle insulin sensitivity in response
to muscle contraction requires the presence of a basal serum
factor, rather than a factor that is produced during the actual ex-
ercise bout (Gao et al., 1994). Thus, both baseline and exercise-
responsive factors can communicate information about the
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homeostasis. Indeed, various cytokines and peptides are pro-
duced and released by skeletal muscle (Pedersen and Febbraio,
2012) or adipose tissue (Wallberg-Henriksson and Zierath, 2015)
during exercise and they exert either autocrine, paracrine, or
endocrine effects on whole-body glucose homeostasis. Exam-
ples of skeletal muscle-derived ‘‘humoral’’ factor include IL-6
(Pedersen and Febbraio, 2012), meteorin-like (Rao et al.,
2014), kynurenic acid (Agudelo et al., 2014), and SPARC (Aoi
et al., 2013), which clearly show that exercise-induced skeletal
muscle-releasing factors can modify glucose metabolism
(IL-6), obesity/browning of white fat (meteoric like), brain depres-
sive centers (kynurenic acid), and susceptibility to colon cancer
(SPARC). The refinement of unbiased proteomic profiling ap-
proaches will likely usher in new discoveries to reveal the precise
nature of exercise-responsive proteins that are released into the
systemic circulation to influence whole-body glucose or lipid ho-
meostasis. Moreover, these approaches will lead to the identifi-
cation of tissue-specific proteins that either mediate the acute
effects of exercise on insulin sensitivity or remodel the tissue to
support a greater work load both metabolically and mechani-
cally. The identification of novel secreted factors will advance
the development of biopharmaceutical therapies to improve
metabolism or support strength gains in defined disease groups.
Such approaches may have increased safety and efficacy over
small molecules, given that endogenous proteins would be
administered. Diagnostics may also be developed to identify in-
dividuals with deficiencies or high levels of such putative factors
to better understand the continuum of the individual response to
a particular exercise training program.
In addition to secreted proteins, an altered array ofmetabolites
and lipids in circulation at rest, during exercise, andwith recovery
will influence whole-body glucose and lipid metabolism. Surveys
of the plasmametabolome in untrained versus trained individuals
or the acute response to a variety of exercisemodalitiesmay give
insight into the presence of small molecules, metabolites, pro-
teins, amino acids, lipids, carbohydrates, and nucleotides and
may identify new exercise-responsive biomarkers. Lipidomics
has the potential to hone in on a variety of lipid species and
metabolites that dynamically change with different metabolic
stresses (Lam and Shui, 2013). Given the increased demand for
substrates during either acute or chronic exercise training, tis-
sue-specific lipidomic profiles will be useful to define the lipid
metabolite signature of the working muscle. Plasma metabolites
have the potential to steer themetabolism of any given organ and
alterwhole-bodymetabolism inmuch the sameway asproposed
by Goldstein (1961). For example, plasma metabolomic profiles
of obese women have been derived before and after HIIT, and
a multi-linear regression model has been created to predict
changes in glucose tolerance based on a panel of plasmametab-
olites measured in the untrained state (Kuehnbaum et al., 2014,
2015). The plasma metabolic signature associated with post-
prandial glucose and/or training status was compared against
the response to training to identify responders and non-
responders to the exercise intervention. Such an approach has
prognostic value and may aid in the development of individual
exercise programs based on metabolomic or lipidomic profiling.
Organ crosstalk may also be achieved by the release of
MicroRNAs (miRNAs) packaged in exosomes for transport intocirculation and delivery to other tissues (Valadi et al., 2007).
miRNAs are a class of small non-coding RNAs that regulate
gene expression at the post-transcriptional level. miRNA-
enriched exosomes are highly regulated by various stressors
and disease conditions and have been implicated in aging (Xu
and Tahara, 2013), neuronal communication (Higa et al., 2014),
cancer (Azmi et al., 2013), cardiac remodeling (Ailawadi et al.,
2015), and skeletal muscle function (Aoi, 2014). Thus, the possi-
bility exists that exercise leads to a release of miRNA-enriched
exosomes into circulation from the working muscle, heart, or
adipose tissue to facilitate organ crosstalk and control gene
expression. The effect of exercise in releasing miRNA-enriched
exosomes into circulation is incompletely explored. Future
studies to profile serum/plasma/urine to identify the nature of
the exercise-induced miRNA fingerprint may uncover novel
mechanisms of tissue crosstalk to fine tune gene expression in
response to acute exercise or training. Such approaches may
identify biomarkers regulating dynamic changes in whole-body
glucose or lipid metabolism with any given exercise challenge.
Through such future efforts, molecular fingerprints of metabo-
lites, amino acids, lipids, carbohydrates, nucleotides, or miRNAs
that characterize the exercise response may one day be
identified.
Given the variable improvements in physical activity between
individuals enrolled in an exercise training program, prognostic
exercise-sensitive biomarkers of circulating factors that mirror
improvements in whole-body glucose or lipid metabolism may
also offer a means to individually tailor exercise training pro-
grams to maximize the health-promoting benefits on an individ-
ual level. Future studies should be performed in both men and
women at a variety of ages and levels of insulin sensitivity or
obesity before and after diverse exercise intervention. Such re-
sults could then be used to compare against carefully controlled
metabolic (glucose uptake and tolerance, changes in regional
adiposity, blood lipid profiles) and fitness (maximal oxygen con-
sumption; maximal strength) phenotyping to stratify sub-groups
based on associated biomarkers. Experimental studies in
cultured cell-based systems may allow for the validation of
biomarker signatures on metabolic outcomes in a variety of
cell types. Ultimately, animal models may provide insight into
the tissue(s) responsible for the changes in metabolites and
mechanisms by which a particular biomarker orchestrates
crosstalk between organs. These types of unbiased screens,
along with cellular and whole-body experimental validation,
may one day reveal the elusive ‘‘Goldstein factor’’ and mode of
action.
Remodeling the Proteome with Exercise and Disease
Advances have been made in understanding the nature of the
proteome at the level of the myocyte using cultured rodent and
human myotubes, as well as isolated adult rodent muscle (Al-
Khalili et al., 2014a, 2014b; Deshmukh et al., 2015; Va¨remo
et al., 2015). These approaches have set the stage for establish-
ing a cartography of the baseline and insulin-stimulated prote-
ome profile between myotubes derived from healthy versus
type 2 diabetic patients to resolve the ‘‘fingerprint’’ of a given
tissue in metabolic disease (Al-Khalili et al., 2014a, 2014b;
Va¨remo et al., 2015). People with type 2 diabetes also show
an accelerated decline in skeletal muscle mass, strength, andCell Metabolism 22, July 7, 2015 ª2015 Elsevier Inc. 27
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cause or a consequence of an altered proteome profile. Even
within an organ, different cell types can contribute to the prote-
ome profile of the organ, and this may be altered with exercise
training, aging, or metabolic disease. Skeletal muscle displays fi-
ber-type-specific features in metabolic and contractile proper-
ties (Zierath and Hawley, 2004), which can also be resolved at
the level of the proteome (Murgia et al., 2015). Such heterogene-
ity within an organ reinforces the need to perform single-cell
analysis when dissecting the proteome of an organ. Intracellular
organelles in skeletal muscle, such as mitochondria, can also
undergo proteome remodeling, as evidenced by altered abun-
dance of subunits of the electron transport chain, enzymes of
the tricarboxylic acid cycle, phosphotransfer enzymes, and reg-
ulatory factors in mitochondrial protein synthesis, oxygen trans-
port, and antioxidant capacity after exercise training (Egan et al.,
2011). Thus, one will need to consider whether exercise alters
the proteome of not only the organ, but also the cellular compo-
sition of the organ.
Evidence is emerging that skeletal muscle proteome profiles
differ between healthy endurance exercise-trained and un-
trained individuals at rest and in response to acute endurance
exercise (Schild et al., 2015). Off-gel liquid chromatography
coupled with tandem mass spectrometry (LC-MS/MS) analysis
revealed that exercise-trained skeletal muscle was enriched in
a fiber-type-specific manner, with increased abundance of pro-
teins involved in oxidative phosphorylation and the tricarboxylic
acid cycle, indicating that structural and mitochondrial proteins
are increased by endurance training. In response to acute endur-
ance exercise, proteins involved in energy metabolism were
decreased, and heat shock and proteasomal proteins were
altered, indicating that proteins related to substrate utilization
are depleted, especially in trained athletes (Schild et al., 2015).
Rodents bred for low-capacity endurance running have unique
proteome signatures in adipose tissue, with greater abundance
of proteins associated with adipogenesis, ER stress, and inflam-
mation, despite no detectable differences in mitochondrial pro-
tein abundance compared to counterparts bred for high-capac-
ity endurance running (Bowden-Davies et al., 2015). These
studies suggest that the proteomic signature is an innate quality
of the tissue and may limit the exercise adaptation. Quantitative
phosphoproteomics, combined with euglycemic-hyperinsuline-
mic clamp studies and tissue biopsies can also be used as a dis-
covery platform to identify novel insulin-sensitive proteins after
acute exercise or training (Kru¨ger et al., 2008). Future studies
of tissue-specific proteomes and the dynamic response to exer-
cise training may one day have a diagnostic application to iden-
tify individuals at risk for future metabolic disease.
Insight into the adaptive response of skeletal muscle and other
tissue-specific proteomes and phosphoproteomic signatures
under a variety of exercise challenges is required. For example,
in rodents, treadmill training has a greater effect to remodel the
cardiac proteome than swimming (Ferreira et al., 2015). Given
that proteomic profiles of metabolic disease is emerging (Al-
Khalili et al., 2014a, 2014b; Va¨remo et al., 2015), future studies
to ascertain whether a ‘‘healthy’’ profile can be established after
exercise training in metabolically challenged individuals requires
investigation. This question is gaining traction with the advent for
higher-resolution mass spectrometry.28 Cell Metabolism 22, July 7, 2015 ª2015 Elsevier Inc.Application of Large-Scale Omics to Resolve the
Integrated Biology of Exercise
Many of the future directions described above include the
application of large-scale unbiased omics platforms to uncover
the genomic, transcriptomic, proteomic, and metabolomic
landscape of both the acute response to exercise and the
adaptive response to training. Conventional studies of single
molecules using targeted tissue-specific knockout animal
models will still be required to elucidate the requirement of
candidate proteins in the adaptive response to exercise
training. However, it is now apparent that multiple pathways,
often with redundant roles coordinate acute metabolic
response and the remodeling of tissues with exercise training.
Focused efforts on singular molecular targets may be insuffi-
cient to fully resolve the complex nature of a dynamic exercise
response. Thus, future efforts should be placed on under-
standing gene sets and pathways and how they may be
orchestrated in tandem to achieve a diverse continuum of exer-
cise responses.
Another challenge will be to overlay an individual’s genetic and
epigenetic background with the tissue-specific gene expres-
sion, proteome, andmetabolomic profiles against improvements
in glucose homeostasis, strength, and aerobic capacity to
achieve an integrated view of the exercise response. Gene vari-
ants may limit or enhance the adaption to exercise or even the
desire/will to exercise (Bouchard et al., 2015). Moreover, the
interplay between genes and environment may alter our epige-
nome and impact our own health bymodifying the transcriptional
potential of a cell or organ to adapt to changes in any given diet
or exercise regime (Rasmussen et al., 2014). Furthermore, our
lifetime exposure to regular exercise training or different dietary
regimes may impact the epigenome of our future generations
through transgenerational inheritance (Rando and Simmons,
2015). Emerging evidence also suggests that exercise and nutri-
tion influence the gut microbiome and composition of microor-
ganisms that are produced and released into circulation to
potentially influence the metabolic profile and immunological re-
sponses of the host (Bermon et al., 2015). This adds yet another
level to the complexity of the integrated response to exercise and
constitutes an emerging area of research requiring controlled
studies focusing on the interactions between acute or chronic
exercise, the gut microbiota, and any potential influence on insu-
lin sensitivity.
Integration of data from multiple omics approaches will
require cohorts and large sample sizes, big data sets, and
expertise in computational biology to resolve the complex
biology associated with diverse exercise responses. This will
require collaborative efforts between multiple research teams
using common procedures and experimental protocols to
execute multi-center exercise/lifestyle intervention trials with
the goal of collecting sufficient functional and molecular data
to further elucidate the mechanisms responsible for adaptive
response to various exercise training regimes. Such information
may one day be used by healthcare practitioners, clinical exer-
cise physiologists, and adult fitness instructors to identify peo-
ple at risk for metabolic, cardiovascular, or muscular diseases
or to design precision training programs in which the exercise
training and nutrition regimes are optimized to achieve maximal
health benefits.
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Biologists have gained ground in dissecting molecular and
cellular mechanisms involved in the adaptive response to exer-
cise. However, it is equally important from a public health
perspective to develop ways to educate and involve citizens so
that they gain an understanding of the important role physical
exercise plays in maintaining health. While many individuals
will never be excited with the thought that their epigenome, tran-
scriptome, or proteome is altered after participating in a 10 km
race, they will certainly have an appreciation for what it may
take to improve their personal best time by several minutes or
prevent metabolic disease. Ultimately, future exercise biologists
will have an important impact by developing preventive exercise
training strategies to reduce disease risk based on an individ-
ual’s molecular fingerprint to achieve optimal performance.
Clarifying for the general public what measurable physiological
outcomes can be expected and how this information can be
used to gauge health outcomes may have an impact on society.
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